
UNCLASSIFIED

AD NUMBER

CLASSIFICATION CHANGES
TO:
FROM:

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

ADA801290

unclassified

restricted

Approved for public release; distribution is
unlimited.

Distribution authorized to DoD only;
Administrative/Operational Use; OCT 1940. Other
requests shall be referred to National
Aeronautics and Space Administration,
Washington, DC. Pre-dates formal DoD
distribution statements. Treat as DoD only.

E.O. 10501 dtd 5 Nov 1953; E.O. 10501 dtd 5 Nov
1953



___jy4ooojnßöt wpfwhw ctaMMsn lsfpNKtScn < 
ttaNMaQnal I>**aiw»of the UhMd   "    _ ... 

4i» B<ip mge Aot. U9&40311 «kl Ä 
> 119 ceratettaQjaMM «ntoat« la 

p ofiaaer to •a^s^ithoröeÄ-irarwo In prohibited by 
fcrir. Information. scur^uBSd may be taparted only 

f       to perm» In the mffirt&ry öKUwval Sarvioeüi trf tbs 
'       Vetoed StftteSjÄ^ropnate oirnJäfrtiQtoani «ad emp>ojc<a 

« the Fejteca CHyrwnnrwtit who h»T»Viigatart» tetewrt 
to United States oittaaos of taao*ilGB«lfcr «1 

t who o( aeoeartty auut b« informed' 

EECHSICAL   KOSSS FILE COPY 
*t i t? i^AtlV 1 "TV be return«*! to th« F3M Off 

i ILL CUl X I     HAEIOäAL  ADYISOfcT   00KMI2TEE   JOE.  A2B0BULiTSK>S»i.,itiul Labontaqr 
,;..>-,a   Advisory Comnitte* 

.—; • • if •!••• 'IO—iir 

V- 

wr^A^l'QO&utaC* 

So.   7 31 

MATHEMATICAL ANALYSIS 02 AIHCHAFI IHTEEOOOLÄE DESIGN 

By Upshur !ü. Jcyner 
Langley Memorial Aeronautical Laboratory 

Washington. 
October 1940 



SA57IOHÄL  ADVISOEY   COKMI-25?EE  ?OE AEBOK&.USICS 

?3CE17ICAL  2JCE3   UO.   781 

:iA2JH3I-U.EICAL  ANALYSIS   03   AIECEA3E   I2TE3EC00L3E   DSSIG-IT 

3y  TFpshur   5J.   Joyner 

SUMMAHT 

A mathematical analysis has "been made to show the 
method of obtaining the dimensions of the intercooler that 
••/ill use the least total power for a given set of design 
conditions. 

The results of this analysis hare "been used in a 
sample calculation and, on the "basis of this calculation, 
a new intercooler arrangement is suggested.  Because the 
length of the two air passages of the new arrangement is 
shcrt in comparison with the third dimension, the height 
of the intercooler, this intercooler arrangement has un- 
usual dimensions.  Ehese dimensions give the proposed in— 
tercooier arrangement an advantage over one of usual di- 
mensions because less total power will he consumed by the 
intercooler, the weight and the volume of the intercooler 
will be smaller, and the pressure drop of both the engine 
air and the cooling air in passing through the intercooler 
will be lower. 

IZnEODUGEIOJäT 

Ehe design of an optimum intercoolcr involves the 
solution of a problem having many variable factors..  A 
whole series of intercoolers can be designed that will 
accomplish a required transfer of heat with certain speci- 
fied temperature differences between cooling air and 
heated, or engine, air.  Chose intercoolers, all of which 
meet the reouirad conditions of heat -transfer, will vary 
widely in volume, power consumed by the intercooler, 
linear dimensions of the intercooler, pressure drop of 
the engine air, and pressure drop of the cooling air in 
passing through the intercoaler.  Obviously, some cri- 
terion must be established by which the best intercooler 
of the series can be selected.  Such a criterion should 
consider all tho significant variables. 
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The total power consiimed "by the intercooler is used 
as the design criterion in this analysis.  This total 
power includes "both, the power used in forcing the engine 
air end tho cooling air through_the ihtercoolcr, and the 
power requirod to transport tho woight of tho intercoolor. 
For n stationary intercooler, in which the povror for 
transporting tho intercooler is. .;n.ot included in tho cal- 
culations, tho size of tho optimum intercooler approaches 
infinity as the power approaches zero.  The critorion for 
the design of a stationary intercooler would, thorofore, 
not he tho minimum power consumed''by the intercoolor hut 
would he a factor like its initial,, cost. 

Tor an aircraft intorcoolor, howovor, the total power 
consumed is an expedient criterion "because the power re- 
quired for the transportation of the intorcooler is pro- 
portional to the weight of the intercoolor, which is, in 
turn, proportional to the intercoolor volume.  On tho 
hasis of the criterion solocted, an extremely large in- 
tercoolor would he the most efficient if only the power, 
required to forco the air through the intorcoolor wore 
considered; whereas, an oxtreraely snail intercooler would 
he the host if only tho power required to transport tho 
intercooler wore considered.  An intercoolor of an opti- 
mum size is certain tc exist for tho ninir.un total-power 
consumption. 

Tho design conditions of tho intercoolor will include 
valuos for: the total mass flow of engine air, the inlot 
tonxJoraturos of hoth cooling and engine air, the roquired 
temperature of the angina air at the outlet from tho in- 
tercoolor, tho characteristics cf tho airplane in which 
the intorcoolor is to he installed, and the physical char- 
acteristics of the cooling air. 

Tho type of intercoolor coro to he usod can he choson 
from considerations of construction and of known principles 
of heat transfer.  Experience indicates that the typo of 
construction used should ho such that hoth the heat- 
transfer coefficient and the ratio of the heat-transfer 
coefficient to the friction factor are large.  This re- 
quirement means that Heynolds ' analogy should he approached 
as closely as post-ihle.  Any turhulence-producing device 
that is introduced.in an effort to get high values of tho 
heat-transfor coefficient will disproportionately increase 
the power consumption and'will he disadvantageous from 
considerations of power consumption. ' Small, smooth pas-" 
sageway construction offers a moans of achieving the de- 
sired conditions. 
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Whether counterflow or crossflow of the air streams 
is to "be used is virtually letermined by manifolding con- 
siderations.  The counterflovr type of construction has a 
slight advantage over the crossflow type on- the "basis of 
the quantity of heat trr-nsf erred, all other factors "being 
equal.  In a practicable case this advantage might amount 
to 10 to 15 percent.  The greater ease of manifolding a 
crossflow intercooler as conparecl with that of manifolding 
one of the counterflow type is usually considered of suf- 
ficient importance to outweigh  the advantage of a greater 
hoat transfer in the counterflow intercooler.  A crossflow 
intercoolor has "been investigated and the results are pre- 
sented in the precent paper«, 

T.-'.o type of iztercooler assumed for the purpose of 
this analysis is shown in figure 1.  Symbols are defined 
in the next- section.  The passageways are assumed to be 
smooth and the air flow is assumed to be turbulent.  Ex- 
perience indicates that the Eeynolds number of the "-air 
flow and the initial turbulence will insure turbulent flow. 

Heat—transfer-coefficient and friction-factor data 
for round pipes ere applied to the rectangular passages. 
KcAdams (reference 1, p. 117} states that this application 
is permissible with turbulent flow, provided that the hy- 
draulic diameter of the passageway is used for the tube 
diameter in all calculations. 

The fin effectiveness is assumed constant.  This value 
obviously varies, but numerous calculations on intercoolors 
of this finned type have indicated values of 93 to 97 per- 
cent for fin effectiveness.  A fin effectiveness of 95 per- 
cent will be close to the actual value for usable inter- 
coolers . 

End losses are disregarded for sim-plification.  Con— 
sidoro-tions of the tube dimensions ar.d the i'ric-cnon factor 
indicate a maximum error of about 5 portent in pewer. con- 
sumption in the usable range as a result cf disregarding 
the end losses.  '     • 

1T0TATI017 

The units given are the ones used in this paper.  Any 
self-consistont system of units may be used. 
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free area for passage of air, square foet 

specific heat of air at constant pressure, Btu 
per slug per degree Pahrenhoit 

drag coefficient of airplane in cruising condition 

lift coefficient of airplane in cruising condition 

hydraulic diameter cf air passage 

/ 4 cross- 

V,   wettod p 

-sectional area\   _  .   ) , foet 
od porinoter   / 

friction factor / Ap  _£_ 
^JpV2 4L ) 

ft 

hf 

E 

Je 

M 

Ap 

• w 

fin effectiveness 

ovor~all hoat-trausfor coefficient fron fluid to 
fluid "based on dividing-plate area, Btu per 
second per square foot per degree Fahrenheit 

surface heat-transfer coefficient 

h-cat-transfe.r coefficient fron cooling air to 
dividing plate 

heat-transfer coefficient from engine air to 
dividing plate 

height of intercocler, feet 

length of cooling-air passage, feet 

length of engine-air passage, feet 

mass flow of air, slugs per second 

over—all pressure drop through intercoolor, pounds 
por square foot 

total power required to force engine air or cool- 
ing air through intercoolor, foot-pounds per 
s econd 

total power required to transport intercoolor, 
foot-pounds per second 
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P.   total power consumed "by intercooler, f-o-ot~pounds 
per second 

Q volume flow of air, cubic feet per second 

s spacing between fins, feet 

S total dividing-plate area, square feet 

tf fin thickness, feet 

t_ dividing-plate thickness, feet 

T temperature of the engine air, degrees Fahrenheit 

Q?' temperature of the cooling air, degrees Fahrenheit 

V   average velocity of air flow through intercooler, 
feet per second 

TQ   velocity of airplane, feet per second 

w   width of fins, feet 

w   weight of intercooler, pounds 

e   factor to take care of weight of intercooler 
mounting,, etc. 

£   mean over-all temperature difference "between 
engine air and cooling air for crossflow di- 
vided "by  Tj - I'j. ,  given by. the empirical 
relation (equation (13)) developed for this 
paper 

«P»0 - !Pt •  :-•   • • •• 
Ti =  —  relates to cooling sir 

n?±  -   T «± 

^i   -   TQ ..'••. 
|   -   .—     relates   to   engines  air 

•i *" ^ i 

[X        coefficient of viscosity of air, slugs per foot- 
second. •  . 

p   mass density of air, slugs per cubic foot 
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\ 

> constants 

Subscripts ! 

c   refers to cooling air 

e   refers to engine air 

i   refers to inlet air 

o   refers to outlet air, datum 

Definition of Junctions 

0, = -i 
v 

2 (w + tp) (s + tf) 
(See fig. 1.} 

Co = 

0, = 

weight per unit volume of intercoolcr, pounds 
per cubic foot 

0.4   53a)s 

63 UJ3    ; :     .. 

/  2.5   S3   CUX\    ~ 

0.2 
0.098   jj.c 

76 

la   = 

-     1.8        3.. 0-.1.S 
Gl Pc D 

0.098   H0°'8 

1.8        3,0-1.3 
°i        Pe    '   D 



h   = CS e Y0 -g 
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D0'3 0°** 
9  ,_ / a 4- tf \ /  "    ^i      \ 
2 "Wf + a/ ^0.0245 c u °'s</ 

DO.S- c 0.8 

3   ^wf + s '   ^0.0245 CptiQ0*2/ 

84 = e3M0 

e5 = e,Me°-3 

9
7 = 

Q8 = 

(W +.tp) =P-1^(r7|) 

0.46 

2.8 ä      94 

Mc 

,, 2. 8 
«>a> = jia 

Mo * 6s = 6 5 

^3 = ^3 ^^O-feO 

ANALYSIS 

make 
3?ho various considerations stated in the Introduction 

  it possible to assign values to all of the variables 
except four*  (l) total mass flow of co.ol.ing;'air *, (2) length 
of air passago in the direction of cooling-air flow; (3) 
length of air passage in the direction of engine-air flow? 
a,nd (4) the third dimension, or height, of the intercooler. 
The purpose of this paper is.to show how to determine the 
values of the3o four variables so that the total power con- 
sumed by the intorcoolor shall "be a minimum. 
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The general plan of this analysis is to obtain an 
expression for the total power consumed in terms of the 
four variables  Mc, LQ, Le,  and  H,  and thon to mini- 
mize this power, subject to the relation betwoon the 
variables that is imposed by the required conditions of 
heat transfer.  An expression will first be obtained for 
tho powor usod in forcing. cooling air through the intor- 
cooler.  Tho equation for tho friction factor in terms 
of the Seynolds number was obtained from roforenco 1 
(p. Ill), and is 

f   =       AP        D    _ 0.049 /^ 

"|pv2 4L "   (^)°,S 

from  which 

0.098   p,c Lc   pc 1rc 
Apc   =    L .  (2) 

i, 
'o 

D • • <-• 

c 

The free, area for the passage of cooling air through 
the intercooler is 

Ac = Oj. Le H (3) 

The velocity of flow of cooling air through the in- 
tercooler may be written as 

% c    Pc 
Vr, = -JL = -i^_— (4) c Ac   0l Le E 

From equations (s) and (4) may be obtained the ex- 
pression for the power required to force cooling air 
through the intercooler: 

Kca"8   Lc     /   0.098  y.c°'3 \ ,   . 
P-   =   QcApc   =   r—5 TT  (     ) '5' 

;=     6        —  
1   I.i.e   H 1« 

P     „   £     —^ __ (6) 
H 
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and, similarly, 

Pe = ^2 __? L. (7) 
e   ^3 _ 1.8 _i.e 

Lc    H 

The power required to transport the weight of the 
intercooler is given "by. 

P
w**

€To^ (8) 

and the weight of the-intercooler under consideration is 
given by 

where  .02  is the weight per unit volume of the intercooler, 

From equations (8) and (9), 

Pw = (öa e T0 ^) HLcLe = ^sHL'cLe (10) 

The total power consumed is given by the sum of equa- 
tions (•&)•, (7), and (10) as 

M *2'8 L- M ß'B   L- 

!Eho relation between the variables imposed "by the re- 
quired conditions of heat transfer can "be dovolopod direct- 
ly from the expression that equates tho total heat given 
up "by tho^.engine air. to the total heat transferred through 
the dividing plates, 

Kecp| = htSS (12) 

ifussclt (reference 2)   has given a thooretical rela- 
tion for t,     in terms of .£  and  TJ.  hut the relation is 
too complicated for general use,  Nusselt has also given 
a table of valuos of  £ , hut, in order to use  £  analyt- 
ically, an empirical relation for  £  has boon devolopod 
from Susselt's results that gives valuos correct to within 
1 percent, provided that neither  |  nor  ri  exceeds 0.7. , 
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For larger values of  |  and  TI ,  the error. approaches 5 
percent.  The empirical relation ie 

0.46 
O. 4 6 

£ =   „  : =  (13) 
logR (xh) •   *-• (r±r) 

The total dividing-plate area  S  is 

E   '_ _ 

w + t_ P 
'oJo (14) 

An expression for the local surface heat-transfer 
coefficient is given in reference 1 (p.-173} as 

0.2   0,8 „_ 0 • 8 
c-p (j,    o    V 

hs = 0.0345 — •  (15) 
Do.2 

An examination o.f figure 1 shows that the heat—transfer 
coefficient on the cooling-air side, based on dividing- 
plate area, is 

wf* + s , ,_ „\ 
hc =        • hs (16) 

S -r w .p 

Substituting equations (4) and (15) in equation (16) 
and inverting, 

.    . -n   o.a        0.8. o.e     o.a _    0.8     o.a 
1        /   s  +   tf       Dc CT ^ Le H e     Up H .      v 

hc      Wf«   +   s   0.0245   epM-c0*2^       Mc
0«8 8 Mc°'° 

and,    similarly, 
_     0.0      o.o 

-0-=  8.-JV^- <18) 

The equation giving-the over-all heat-transfer coef- 
ficient when two surface coefficients are acting in series 
is •   . 
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JL 1_       JL_ 
h-t   ~  hc        he 

(19) 

and,   from   equation   (12) , 

St 

so   that 

*t Mecpi 

s f 
Me°pS 

= 
1          1 

*7 +   *l (20) 

Substituting equations (13), (14), (17), and (16) 
into equation (20) gives 

O.        T    ° • s  '    " , „      J 

M, 0. 8 
+ .65.   Lc°

aS   -   97   H°'3   LcLe   (l   -  jiftj)  8   =   0      (21) 

latioi 

used trhen minimizing equation (ll). 

The problem now is to obtain-,a minimum value for the 
total power consumption as given by equation (ll) , subject 
to the requirement that the variables shall at all times 
satisfy, equation (21).  This minimum value is 'obtained by 
means of Lagrange's method of- undetermined multipliers 
(reference 3, p. 120). 

In order. .t.o. obtain conditions for the" maximum or the 
minimum value »of the function  P-fc = J(UCt   LC, Le, H) 
where the variables are connected by a relation 
ff(Mc, Ic , L0.8 B[) = 0,  the operations indicated in the 
following oquations are performed: 
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ÖMc 
+ A 

3G 
SMC 

3F 

3LT 
+ A 

3G 
3LP 

9L, 
+ A 

3G- 

9L, 

= 0 

= 0 

0. 

3P     3G 

si + A -ä¥ = ° 

> (22) 

whoro A  is an unknown multiplier. 

Equations (22) taken with equation (21) give fivo 
simultaneous equations in the four variablos and  A,  and 
the solution of those equations gives the valuo of the 
variablos for minimum or maximum powor.• 

5his method of solution was firs 
(ll) subject to the constraint impose 
Üho only solution obtained was Mc = 
which indicatod an intorcooler only o 
outsido the region whero the assunpti 
value was assigned to Mc in order t 
for the othor throe variables. The a 
nay be included in one of the cons|>an 
in which it occurs, and equations (ll 

t. applied to equation 
d by oquation (2l). 
oo for r.inimua power, 
f academic interest 
ons aro valid.  A 
o obtain solutions 
ssigned value of  Mc 
ts in each oquation 
) and (2l) reduce to 

Pt = f(lc,Le,H) -stuj. 
L«1«8!!1«8 

+ «JS IciteHi.a 
+ (U_ HLcLa (23) 

G(L c* Je» H) = 'iLe 
Oi 8 + 8 T 0, - 8*H 

0.2 = 0 (24) 

If the operations indicated in equation (22) are per- 
formed in equations (23) and (24), three equations result: 



NACA Technical Kote ITo. 781 13 

to-, 
-TTTB- 1. 8 E*' 

1.8  cusI^ 
^    2.8    gl.S 

0.8   Ss ,o.a 
+ tju3HLe  + "k  f—~r~T "  83lT""   Le 

L °'s 
).o 

- 1 .8 U), 

Le
3*8 H1-6 

JÜ2 _ + WsHLc + .* (2ll±L „   83E°'
S O = 0 > (25) 

1.8 Hi.e V o.s / 

- 1.. 8"cü1 . Lc   1.8iuaLe; 

T  ^«8  Tfj"2«8 1.8 i.e 
+ UD3 LcLe + X 6K L'„L (- 0.3 ^fl SO- 

y 

These three equations, together with equation (24), 
form a set of four simultaneous equations in the four vari- 
ables  Lc, Le, H, and  X.  She exact solutions for these 
equations have been obtained, and are 

4/7 

H = 
0.4 cu3 C3 C4 is/6 

wi 
75    9 2/2§+ t02 °3 C4 

4/5J 
(261 

-13/6 

L„ = C. 

La = C, (L-H) 
13/5 

(27) 

(28) 

When these three solutions were obtained, values for A and 
P-fj  were also obtained: 

X  = 
1.4 to," H 4/5. 

(29) 

and 

Pt = !•* ?w (30) 

Equation' CSO) serves as a check on the accuracy of 
calculation. The   calculations made for this paper checked 
to five or six significant figures in equation. (30-) »  A 
more complete- check on the. calculations, is. .the comparison 
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of tho veluo of  Ap ,  as calculated from equation (2), 

with the valuo of 

aquation (5)). 

&pc  calculated from  Apc = -r0-  (from 

EXAMPLS 

lor illustration of tho results to ho derived from 
this analysis, calculations of optimum intercoolcr dimen- 
sions are made on tho "basis of tho following assumptions: 

1. Tho hrako horsepower of the engine is 1000. 

2. She engine uses 6600 pounds of air per hour, or 
0.0569 slug per second. 

3. *i = 280° I1, T0 = 80° 3\ E«± = -30° P. 

4. The airplane is operating at the rated height of 
the engine, which is 25,000 feet. 

5. V0,  the flight velocity of the airplane, is 300 
:n il.es per hour or 440 feet per second. 

Or, 
6. e — = 0.C75 . 

CL 

7. The intercooler is made of copper (555 lh per cu 
ft);  s = 1/16 inch;  w = 1/2 inch;  tf = 0.005 
inch; 0.010 inch. 

Tluid Constants Used 

Engine air Cooling air 

Density, slugs/cu ft 

Viscosity, slugs/ft-sec 

Thermal conductivity, 
Btu/sec/ft2/°P/ft 

Specific heat, 
Btu/slug/03P 

Pressure, in. Hg 

0.001965 at 180° ? 

0.443 X 10"6at 180° Y 

4.19 X 10~6at 140° P 

7.73 

30.5 

0.000907 at 20° 3? 

0.355 X 10~6at 20° 3 

3.61 X 10~6at 40° P 

7.73 

11.1 
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Ehe results of the calculations made are shown in 
table I and in figure 2. 

Pumping efficiencies haTc not been included in these 
computations.  If desired, the pumping efficiencies may he 
included in the constants  UJ-, 
constant by the efficiency. 

and «Jü3  by dividing the 

CABLE I 

Besults of Sample Calculation 

Mc E 
(ft) (ft) 

Le 
(ft) 

Intercooler 
volume 
(en ft) (lb/sq. ft) 

Ape 
(lb/sq. ft) (Up) 

1.00 69.91 0.018 0.470 0.583 0.208 5.57 2.50 

.30 19.. 72 .063 .497 .617 .745 5.89 2.66 

.15 8.64 »144 .568 .704 1.700 6.72 3.03 

.05 1.29 .964 1.270 1.576 11.41 15.04 '6.78 

.04 .42 2.974 3.136 3.890 35.24 37.14 16.75 

DISCUSSION AND CONCLUSIOHS 

It is evident that the foregoing analysis cannot be 
applied without some alteration to other types of inter- 
cooler than the crossflow one assumed.  The general ap~ 
pearanco of curves like those shown in figure 2 will be 
similar for all types of crossflow intorcoolers, so that 
the analysis presented in this paper should serve as a 
guide in the testing of all similar types. 

In view of the simplifying assumptions made for this 
analysis and the number of sources fron which the data 
were drawn, it would not be surprising if the values of 
power and the intercooler dimensions calculated on the 
basis of tho analysis should be somewhat in error but the 
trends shown in figure 2 should be correct. 
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An examination of figure 2 shows the advisability of 
using large valu.es of mass flew of cooling air.  Increas- 
ing  Mc  reducers the total power consumed, the volume and 
weight of the ihtorcooler, and the pressure drop of "both 
engine and cooling air. The   objections to using largo 
values of  Mc  are:  (l) More air must "bo takon into the 
airplane from the main air stream, and (s) the intcrcoolor 
assumes very elongated proportions.  As regards the first 
objection, evon though more air is passed through the air- 
piano with an increase in  Mc,• the energy loss is much 
lower, so that a reasonable increaso in  Mc  may be toler- 
ated.  It can be soon from figuro 2 that, at  Mc = 0.10, 
a largo part of the advantage to bo gained from a largo 
value of mass flow of cooling air has been obtained.  Ehe 
second objection night be ovorcono if tho elongated inter— 
cooler is used in an arrangement similar to the one shown 
in figure 3.  It seems as though an arrangement such as 
this one can be made with no more over-all volume than in 
an optimum intercooler, with its manifolding, using small 
cooling; air flow.  Other arrangements for using an elon- 
gated intercooler core may be better; figure 3 is only one 
suggestion. ...._.."   ' 1       .  "      ....  :._.__ 

In previous calculations for the design of an inter- 
cooler complying with the conditions specified in the ox- 
ample given in tho paper, an attempt was made to assign 
values to tho variables by inspection and successive ap- 
proximations.  She lowest value of the total power con- 
sumed that was obtained from any of thoso previous calcu- 
lations was about 8 horsepower; whereas, the present cal- 
culations immediately indicate an intercooler that will 
consume only 3 horsepower.  5!ho volume and the weight of 
the optimum intcrcoolor also are smaller in tho present 
analys is. 

Langlcy Memorial Aeronautical Laboratory, 
ITational Advisory Committee for Aeronautics, 

Langloy Jield, Va., August 27, 1940. 
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